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In the late 80’s, Ou and Mandel experimentally observed signal beatings by performing a non-
time resolved coincidence detection of two photons having interfered in a balanced beam splitter
[Phys. Rev. Lett 61, 54 (1988)]. In this work, we provide a new interpretation of the fringe pattern
observed in this experiment as the direct measurement of the chronocyclic Wigner distribution of a
frequency Schro¨dinger cat-like state produced by local spectral filtering. Based on this analysis, we
also study time-resolved HOM experiment to measure such frequency state.
I. INTRODUCTION
The Hong-Ou-Mandel experiment [1] is one of the foun-
dational experiments of quantum optics illustrating, for
the first time, the symmetry properties of particles wave
functions. In this experiment, two photons produced
by spontaneous parametric down conversion (SPDC) are
sent to different paths, one of which has a dephasing el-
ement with respect to the other. We will consider here
that this optical path difference depends on time delay
τ between the two arms. In the original version of the
experiment [1], two indistinguishable photons are com-
bined in a beam-splitter, after which coincidence mea-
surements are performed. Since photons are bosons, one
expects that, if they are identical, they should systemat-
ically bunch, meaning that both will take the same out-
put, which can be either the C or the D path in Fig. 1.
Bunching will happen with equal probability in each arm,
if the beam-splitter is balanced, which is the case con-
sidered here. A consequence of bunching is that it elimi-
nates coincidence detection. The coincidence counting as
a function of the time delay τ will exhibit a characteris-
tic continuous dip when the photons are indistinguishable
at τ = 0, that smoothly disappears when τ moves away
from zero. However, photons distinguishability depends
on several degree of freedom, as polarization, temporal
mode [2], spectral mode [3] or arrival time [4].
Using the manipulation of photonic degrees of freedom,
such as the transverse spatial modes and polarization [5],
one can also use the HOM interferometer to demonstrate
anti-bunching, revealed by and anti-dip, that can be as-
sociated to a fermionic-like behaviour [6, 7] and is also
an entanglement witness [8–11].
Ou and Mandel in [12] proposed a different version of
the HOM experiment, adding frequency filters just be-
fore each detector. The observed coincidence rate as a
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FIG. 1: Two indistinguishable photons are sent into the
paths A and B, one of the photons is delayed of a time τ . After
the beam-splitter, four possible cases are possible. Then coin-
cidence measurement is performed, the only events recorded
are those where there is one single photon at each spatial port
C and D.
function of the delay τ presents an oscillation pattern.
Remarkably, the beating period in such two-photon inter-
ference experiment is shorter than the time resolution of
the detectors, which is a consequence of the fact that the
described experiment evidences path interference rather
than time interference.
In the present contribution we will present a new inter-
pretation of Ou-Mandel (OM)-type experiments in terms
of frequency-time phase distribution leading to a new way
of engineering and detecting frequency entangled states
by spectral post-selection. Our work provides an inter-
pretation to the number of oscillations appearing in the
OM experiment and and it opens the way to the ap-
plication of the engineered states in different quantum
protocols. Our work builds on the results obtained in [9],
where it has been shown that the HOM experiment is
the direct measurement of the Chronocylic Wigner dis-
tribution associated to a collective variable of the pho-
ton pair. Following these lines, we develop a general
interpretation of OM-type experiments using filters of
arbitrary width in frequency, allowing to elucidate the
fringe pattern appearing in [12–14], as well as the in-
terference patterns reported in [15]. More specifically,
we will show that the oscillations pattern in the mea-
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2sured coincidence probability thanks to a HOM interfer-
ometer corresponds to the interference pattern appearing
in the chronocylic Wigner distribution of a two-photon
Schro¨dinger cat (SC)-like state or called frequency-time
cat-like state. Either the frequency-time cat-like state
is produced by spectral post-selection in a non-resolved
time OM experiment as in [12] or the signature of such
state is detected with a time-resolved HOM experiment
[15].
In order to illustrate these concepts and provide results
of numerical simulation, we present the case study of a
transversally pumped semiconductor AlGaAs waveguide
generating counterpropagating signal and idler photons
[16, 17].
This paper is organized as follows. We start in
Sec. II by defining the frequency-time cat-like state in
Sec. II A and the reinterpretation of the OM experiment
in terms of that state in Sec. II B. We propose vari-
ous ways to modify such measurement apparatus so that
the full chronocyclic Wigner distribution structure of a
frequency-time cat state can be revealed in Sec. II C and
Sec. II D. In Sec. III A, we study the time-resolved HOM
experiment reported in [15], and reinterpret the spatial
beating obtained by measuring the joint temporal dis-
tribution as the production of a frequency-time cat-like
state. Nevertheless, the detection is by nature very dif-
ferent and corresponds in this experiment to the mea-
surement of the marginal of the chronocyclic Wigner dis-
tribution whereas it corresponds to its cut at the zero fre-
quency in the non-resolved time detection of the HOM
experiment. This last experiment can be related to a
biphoton Young experiment, which is fully investigated
in Sec. III B. Finally in Sec. IV, we propose an experimen-
tal scheme to perform quantum gates in the frequency-
time variables so as to measure different marginals of the
frequency-time distribution of a frequency-time cat-like
state.
II. PRODUCTION OF FREQUENCY-TIME
CAT-LIKE STATE BY POST-SELECTION
A. Definition of frequency-time cat-like
We start by considering a time-frequency coherent
state, introduced in [18] and is defined by the wavefunc-
tion:
|ω1, τ〉 =
∫
dωfω1(ω)e
iωτ |ω〉 , (1)
where fω1(ω) is a Gaussian function centered at ω1 of
width ∆ω. |ω〉 denotes a single photon state at frequency
ω. We define a frequency-time cat-like state as a single
photon state having a frequency distribution composed
of two peaks centered around the frequencies ωa + ω1
and ωa − ω1. The corresponding wave function can be
expressed as:
|ψ〉 = 1√
2
∫
dω(fωa+ω1(ω)e
iωτ + fωa−ω1(ω)e
−iωτ ) |ω〉
=
1√
2
(|ωa + ω1, τ〉+ |ωa − ω1,−τ〉). (2)
For simplicity, we set ωa = 0. This definition is
mathematically analogous to the usual Schro¨dinger cat
state in position-momentum phase space (x, p), defined
as the linear superposition of two macroscopically
distinguishable coherent states, |ψ〉 = 1√
2
(|α〉 + |−α〉).
This can be simply seen by noticing that the coher-
ent state |α〉 can be expressed in the position basis:
|α〉 = |x0, p0〉 =
∫
dxe−(x−x0)
2
eixp0 |x〉, where (x0, p0)
is analogous to (ω1, τ) and is hence mathematically
analogous to Eq. (1). To sum up, standard Schro¨dinger
cats are single-mode multi-photon states composed of
the superposition of two coherent states. On the other
hand, time-frequency cat-like states are given by a single-
photon distributed on a continuum of frequency modes,
whose frequency distribution is the superposition of two
Gaussian peaks. In addition, we can see that both the
coherent state |x0, p0〉 and the state |ω1, τ〉 form an over-
complete basis and obeys the relation 〈ω1, τ1|ω2, τ2〉 =
e−(τ1−τ2)
2/4e−(ω1−ω2)
2/4ei(τ1−τ2)(ω1+ω2)/2. The values
(x0, p0) and (ω1, τ) correspond to the center of the
Gaussian distribution in phase space and the chrono-
cyclic one respectively. Some differences between these
two states can be noticed. The free evolution trajectory
in the quadrature position-momentum phase space of a
coherent state |α〉 is a circle and the average number of
photons is given by |α|2. On the other hand, the average
value of the photon number of the time-frequency
coherent state is one, since the state is a single photon.
The trajectory of its free evolution in time-frequency
phase space is a translation along the time axis. The
denomination ”coherent” in that case is not related
to the photon number statistics of the state, which is
sub-Poissonian for a single photon state, but only due
to its mathematical analog structure.
In order to complete the mathematical analogy
between the frequency basis and the quadrature posi-
tion one, we can also notice that the frequency-time
phase space of a single photon is non-commutative
similarly to the quadrature position-momentum phase
space as shown in [18]. As it happens, one can define
non-commuting frequency-time displacement operators
[18] which obeys the Weyl algebra [19] and hence have
a complete mathematical correspondence with the
position-momentum quadrature displacement operators.
In this way, the need for a time operator is bypassed,
even if a ”time of arrival” operator has been defined re-
cently [20]. As a consequence, the frequency-time phase
space of a single photon exhibits a paving structure
due to the non-commutativity of these displacement
operators as is the case for the (x, p) phase space. Such
3structure disappears in the classical limit ~ → 0. It is
worth mentioning that the proposed distribution should
not be mingled to the Wigner-Ville distribution [21]
which is currently used in frequency-time classical signal
processing. The frequency-time phase space for high
intensity laser is commutative and completely classical.
In both representations, either the phase space (x, p)
one or the (ω, t) one, the Wigner distribution associated
to a cat state has a characteristic shape consisting of
two separated peaks representing one of the two possible
classically distinguishable states and an interference
pattern along the symmetry axis, as shown in Fig. 2 (c).
B. Reinterpretation of the OM experiment
We now provide an original interpretation of the Ou-
Mandel experiment [12] and show how it can be used
to produce interesting non-classical frequency states of
photon pairs by post-selection.
The OM experiment can be summarized as follows:
an initial two-photon state is created by SPDC, whose
Joint spectrum amplitude (JSA), which corresponds to
the amplitude of probability of measuring one of the pho-
ton pair at frequency ωs (called the signal) and the other
one at frequency ωi (called the idler) is shown on the
left of Fig. 2 and corresponds to a Gaussian frequency
distribution. The wave function can be mathematically
expressed as:
|ψ〉 =
∫∫
dωsdωiJSA(ωs, ωi) |ωs〉 |ωi〉 , (3)
where we considered the pump beam to be in the narrow-
bandwidth limit [22]. The JSA can be factorized as fol-
lows: JSA(ωs, ωi) = f+(ω+)f−(ω−) with ω± = ωs ± ωi,
which is valid for most SPDC sources. The function f+
reflects the energy conservation, and consists of a distri-
bution of width ξ, the same one as the pump’s, centered
at the degeneracy frequency ωdeg. While f− is related
to the phase matching condition and its width is noted
as ∆. We make the approximation ξ  ∆ in order to
obtain analytical results and impose strict conservation
of energy f+(ω+) = δ(ω+ − ωdeg). For convenience, we
will set the frequency ωdeg to zero.
After their generation, the two photons of the pair are
separated into two different paths and are then recom-
bined in a balanced beam splitter as depicted in Fig. 2.
After the action of the balanced beam-splitter and the
post-selecting done by the coincidence measurement, the
two-photon state can be expressed as:
|ψτ 〉 = 1
2
[
∫∫
dωsdωi(JSA(ωs, ωi)e
−iωiτ
− JSA(ωi, ωs)e−iωsτ ) |ωs〉 |ωi〉], (4)
as in the usual HOM experiment. We now consider the
effect of placing frequency filters before each detector.
Each filter can be associated to a projector operator of
the type:
Fˆ (ω1, σ) =
∫
dωfω1(ω) |ω〉 〈ω| , (5)
where fω1(ω) is a Gaussian function centered at ω1 of
width σ. In the following, we will consider that the filters
have the same spectral width. For standard Gaussian
filters,
fωj (ωα) =
1√
2piσ2
exp(− (ωα − ωj)
2
2σ2
), (6)
with j = 1, 2 and α = s, i. The frequency state after
spectral post-selection filtering and coincidence detection
is:
|ψτ 〉 = 1
2
∫∫
dωsdωi[JSA(ωs, ωi)e
−iωiτ
− JSA(ωi, ωs)e−iωsτ ]fω1(ωs)fω2(ωi) |ωs〉 |ωi〉 . (7)
The first term of Eq. (7) represents the situation where
both photons are reflected by the beam-splitter and the
second term represents the situation where both are
transmitted. We have that the photon pairs passing
through the filters are described by a quantum super-
position of states having exchanged frequencies. In the
case in which both photons are reflected, the signal pho-
ton with frequency ωs is filtered by the filter centered at
ω1 and the idler with frequency ωi is filtered by the filter
centered at ω2. If both are transmitted the opposite oc-
curs. Thus, for ω1−ω2 . ∆ the state described by Eq. (7)
corresponds to what we called a frequency-time cat-like
state. These states correspond to two distinguishable
states of signal and idler, since σ  ∆; the quantum su-
perposition comes from the paths interference produced
by the beam-splitter.
For easier calculation, we write the product of the fre-
quency function filter in the frequency collective variable:
fω1(ωs)fω2(ωi) =
1
2piσ2
e
− (ω+−(ω1+ω2))
2
4σ2 e
− (ω−−(ω1−ω2))
2
4σ2
= fω1−ω2(ω−)fω1+ω2(ω+). (8)
f is a Gaussian function as f (see Eq. (6)) but differ
from a factor two in the frequency width.
Finally, the wave function after the spectral filtering can
be written as:
|ψτ 〉 = A
2
∫
dω−(f−(ω−)e−iω−τ − f−(−ω−)eiω−τ )
× fω1−ω2(ω−) |ω−,−ω−〉 , (9)
with A = fω1+ω2(0). We can notice that the state de-
scribed by Eq. (2) and Eq. (9) are slightly different, if we
4FIG. 2: Sketch of the experimental set-up of the Ou Mandel experiment: Photon pairs are generated via SPDC in a second
order nonlinear crystal. One of the photon undergoes a temporal delay τ , the path of the two photons recombine in a balanced
beam-splitter. Spectral filters are placed before the single photon detectors at the output ports of the beam-splitter. The
numerical simulations correspond to the state generated in a transversally pumped AlGaAs waveguide: (a) Joint Spectral
Amplitude of the frequency anti-correlated state generated by the AlGaAs chip; (b) Joint Spectral Intensity obtained after
the action of the beam-splitter and the spectral filters (FF1, FF2) having a width of 50 pm and a separation of 0.6 nm; (c)
corresponding chronocyclic Wigner distribution; (d) coincidence probability corresponding to the cut ω− = 0 in (c).
consider their chronocyclic Wigner distribution. Indeed
the state given by Eq. (2) has the characteristic shape
of the cat state in the frequency-time phase space (see
Eq. (A9) in the appendix) but the post-selected state
Eq. (9) corresponds to a chronocyclic Wigner distribu-
tion with only the interference pattern (see Eq. (A11) in
the Appendix).
We can now compute the coincidence probability as a
function of the temporal delay:
I(τ) =
∫∫
dωsdωi|〈ωs, ωi|ψτ 〉|2, (10)
where we assumed that the width of the temporal photon
wavepacket are very small compared to the temporal res-
olution of the photodetectors (see the Appendix Sec. C
and Sec. III A), which is typically the case for photons
produced by SPDC. After integration on the variable ω+,
and taking into account that the frequency filters width is
much narrower than the phase matching width, σ  ∆,
we obtain:
I(τ) =
1
2
[1 − 1
N
Re(
∫
dω−e−2iω−τ |fω1−ω2(ω−)|2)],
(11)
where N is a normalization constant. A last integration
gives:
I(τ) =
1
2
[1− e−τ2σ2cos(2τ(ω2 − ω1))]. (12)
Eq. (12) shows that the coincidence measurement dis-
plays a beating, with a period piω2−ω1 . For some values
of τ , since we observe a coincidence probability that is
greater than one half, this beating is a signature of en-
tanglement in frequency variable [8, 9] but is completely
independent of the frequency entanglement of the initial
state generated by SPDC [12]. In other words, the Ou
and Mandel experiment can be seen as a measurement in
a frequency entangled basis and as such, it post-selects
an entangled state. In the literature, the term of spa-
tial beating is used to designate such oscillation in the
coincidence measurement [12].
The above discussion provides a new interpretation
of the oscillations shown in Fig. 2. Indeed, according
to [9], the coincidence probability Eq. (11) is the cut
of the chronocyclic Wigner distribution Wcat(ω−, τ) at
the frequency ω− = 0 (see the appendix Eq. (A11)).
The measurement procedure corresponds to a measure-
ment in a Schro¨dinger cat basis of the frequency state
that has been initially generated by the SPDC crystal
Eq. (3). We can conclude that the signal obtained by co-
incidence detection corresponds to the interference term
of the frequency-time cat-like state:
I(τ) =
1
2
(1−Wbeating(0, τ)). (13)
5Where Wbeating(ω, τ) corresponds to the chronocyclic
Wigner distribution of the phase matching function and
is defined in Appendix A 1. We verified our results by
performing numerical simulations (see Fig. 2) on the
state generated by SPDC using the experimental param-
eters for a transversally pumped semiconductor waveg-
uide studied in [17]. In this device, a pump beam around
775 nm impinging on top of a multilayer AlGaAs waveg-
uide with an incidence angle θ generates by SPDC two
orthogonally polarized signal/idler guided modes around
1.55 µm. Two Bragg mirrors provide a vertical micro-
cavity for the pump beam increasing the conversion effi-
ciency of the device [16]. This geometry presents a par-
ticularly high degree of versatility in the control of the
biphoton frequency correlations via the spatial engineer-
ing of the pump beam [6, 23]. In the numerical simula-
tions reported in Fig. 2, the pump beam has a Gaussian
intensity profile with a waist 0.2 mm, pulses having a du-
ration of 5 ps. This leads to the generation of a biphoton
state with a JSA represented in Fig. 2 (a). The spectral
width of the JSA along the ω+ = ωs + ωi axis is 1 nm
(1.88·1012rad.s−1) and along the ω− = ωs−ωi axis is 0.2
nm (9.42·1012rad.s−1).
In this section, we demonstrate that even starting from
frequency anti-correlated photon pairs, which is the most
common type of two photon state produced by SPDC, the
action of spectral filters allows to post-select Schrdinger
cat-like states. The numerical simulation of the chrono-
cyclic Wigner distribution of the filtered JSA and the
coincidence probability of the OM experiment are shown
in Fig. 2 (c) and (d) respectively. They both match tak-
ing the cut ω− = 0 for the chronocyclic Wigner distri-
bution. Notice that the observed oscillations appear ir-
respectively of the initial state produced by SPDC, since
we are dealing here with a post-selection process. Fi-
nally, the larger the ratio (ω1 − ω2)/σ, the higher is the
number of oscillations in the interference pattern of the
frequency-time cat-like state, since this term is a measure
of the size of the cat.
C. Effect of the filters parameters on the
frequency-time cat-like state
In this section, we explain how to produce different
types of frequency-time cat-like states by spectral post-
selection. For such, we will use accordable frequency fil-
ters.
We start by studying the effect of the variation of the
central frequency ω1 and ω2 of the filters while their
width is fixed to 50 pm (37.6·1012rad.s−1), see Fig. 3
(a),(b),(c). If the central frequency of the filters are
equal, we do not obtain an interference pattern along the
τ axis but rather a Gaussian function which is JSA. In
that case, the photons are spectrally indistinguishable.
When the central frequencies of the filters increases,
the period of the beating oscillation T = piω1−ω2 (see
Eq. (12)) decreases and the number of oscillations
increases.
We then investigate the influence of the spectral width
of the filters, keeping fixed the frequency separation
ω1 − ω2 of the filters at 0.6 nm (3.14·1012rad.s−1), see
Fig. 3 (d),(e), (f). As the width decreases from 100 pm
(18·1012rad.s−1) to 25 pm (75·1012rad.s−1), the coher-
ence time of the wave packet increases, as a consequence
of the Fourier-transform relation between frequency and
time.
D. Quantum eraser experiment
We now consider the experiment where each photons
path can be ”marked” by placing frequency filters be-
fore the beam-splitter, a procedure that will destroy the
previously observed beating and, depending on the de-
gree of distinguishability between the photons, will lead
to the appearance of dips with different visibility in the
Hong, Ou and Mandel experiment [1]. There are differ-
ent ways to implement a quantum eraser experiment with
the HOM interferometer, using as a marker the polariza-
tion [15, 24]. If the filtered frequencies are such that their
difference, |ω1 − ω2| is smaller that the width σ of the fil-
ters, this ”path-marking” will not be totally effective and
the two photons will spatially interfere after the beam-
splitter. More specifically, as detailed in the following,
the dip’s visibility will depend on the ratio |ω1 − ω2|/σ,
which is proportional to the distance between the distri-
butions representing the “dead” and “alive” state of the
cat.
Fig. 4 (a), (b) reports the results of the numerical simu-
lations of the chronocyclic Wigner distribution for an ini-
tial state (Eq. (3)) with two frequencies filters placed be-
fore the beam-splitter. The analytical expression for the
coincidence probability, demonstrated in the appendix B,
is given by:
I(τ) =
1
2
(1− e−(ω1−ω2)2/(2σ2) · e−τ2σ2/2). (14)
Expression (14) evidences that the larger the ratio (ω1−
ω2)/σ the lower the visibility is, since the action of the
filters makes the photons more distinguishable.
The described situation corresponds to selecting one
of the two possible states of signal and idler described
in the previous section, i.e., the one where ωs = ω1 and
ωi = ω2. Thus, it corresponds to a Gaussian state in
phase space, say, where the cat is alive. As shown in
[9], the HOM coincidence measurement corresponds to
a cut along the frequency axis in phase space. When
|ω1 − ω2| > σ, the two photons have no spectral overlap,
explaining a visibility that reaches 1/2, which is the clas-
sical statistical (uncorrelated) situation. In other words,
the more signal and idler become distinguishable, the
more the Wigner distribution corresponds to the one of
a quantum superposition of two distinguishable states,
since the Gaussians corresponding to each one of them
6FIG. 3: Chronocylic Wigner distribution of the frequency-time cat-like state. Top: effect of the variation of the frequency
separation ω1 − ω2 of the filters of 0.3 nm (6.28·1012rad.s−1) (a), 0.6 nm (3.14·1012rad.s−1) (b) and 1 nm (1.88·1012rad.s−1)
(c), for a fixed spectral width of the filters of 50 pm (37.6·1012rad.s−1). Bottom: effect of the variation of the spectral width
of the filters (25 pm (75·1012rad.s−1) (d), 50 pm (37.6·1012rad.s−1) (e) and 100 pm (18·1012rad.s−1) (f)) for a fixed spectral
separation of 0.6 nm between the central wavelengths of the filters.
FIG. 4: (a) Joint Spectral Intensity of bicolor photon when the frequencies filters are placed before the beam-splitter and their
corresponding diagrams. (b) Diagrams of the quantum state after the beam-splitter, taking into account only the coincidence
events. (c) Chronocyclic Wigner distribution W−(τ, ω−) of the two quantum state (b) when the time-resolution of the detectors
is lower than the temporal size of the wave packet and |ω1 − ω2| 6= 0. The distribution is zero when ω1  ω2.
7become farther from the origin. In order to recover the
dip representing the Gaussian chronocyclic Wigner dis-
tribution of a “quasi-classical” state, one possibility is
using Electro Optical Modulators (EOM). But from our
analogies, something simpler can be conceived. We can
think, for instance, of displacing the filters central fre-
quencies such that ω1 → ω1−µ and ω2 remains constant.
Then, the exponent in the exponential in Eq. (14) would
be transformed as ω1 − ω2 → ω1 − ω2 − µ. Varying µ is
a way to displace the frequency axis so that eventually
it reach the central point of the two-photon frequency
distribution, given by µ = ω1 − ω2. In this case, we re-
cover photon indistinguishability, as if we had translated
the origin of the frequency measurement to the central
point of the Gaussian representing one of the two possible
classical states, as is usually done in experiments.
To conclude this section, we described in details a
method to realize a quantum eraser experiment. It per-
mits to distinguish one of the two possible states that
form the Schro¨dinger’s cat-like state at the origin of the
interference fringes described in Sec. II. What’s more,
this method can be generalized to measure the state de-
scribed by a Gaussian in collective frequency-time phase
space centered at the frequency µ = ω2 − ω1. For such,
one could simply change the frequency filters of the pre-
vious paragraphs, so that ωs = ω2 and ωi = ω1.
III. ANALOGY BETWEEN THE
TIME-RESOLVED HOM EXPERIMENT AND A
BIPHOTON YOUNG’S EXPERIMENT
In this section, we will provide an analogy between the
time-resolved HOM experiment and the Young two-slits
experiment in the case of two anti-correlated photons in
position.
A. Effect of the time resolution of the
photodetector
In the previous section, the temporal size of the
wavepacket δ was much smaller than the integration time
T of the photodetector. In this section we investigate
the other limit δ  T and reinterpret the measured spa-
tial beating in coincidence measurement presented in the
Refs [15, 25] in terms of the signature of a frequency-time
cat-like state. In this limit, the probability of the joint
detection is studied as a function of two temporal param-
eters, the optical delay between the two arms τ and the
time-difference τ between two detections:
I(τ, τ) =
∫
dt0|〈t0, t0 + τ |ψτ 〉|2. (15)
The full derivation of this result is presented in the Ap-
pendix C. t0 is the time of the first detection and |ψτ 〉 is
the state after the beam-splitter:
|ψτ 〉 = 1
2
∫∫
dtsdti(JTA(ts−τ, ti)−JTA(ti−τ, ts)) |ts, ti〉 ,
(16)
where JTA stands for Joint Temporal Amplitude and is
the Fourier transform of the JSA. The coincidence detec-
tion probability given by Eq. (15) becomes:
I(τ, τ) =
1
4
[
∫
dt0|JTA(−τ + t0, t0 + τ)− JTA(−τ + t0 + τ , t0)|2].
(17)
We point out that for a vanishing time difference τ ,
the coincidence detection for any optical time delay
and any wave function is zero, a situation which has no
equivalent in the experiments described in the present
article and is analyzed in [25].
We now consider again the experiment where two fre-
quency filters are placed before the beam-splitter, as in
the quantum eraser experiment described in Sec. II D.
When the optical path delay is set to zero, τ = 0, the
probability of the joint detection as a function of the
time-difference τ detection shows a spatial beating, as
shown in Fig. 4 in Ref. [25]. We now explain the physical
reason of this beating and interpret it again as the exper-
imental evidence of a frequency-time cat-like state. We
start by giving the analytic expression of the coincidence
detection probability. The expression of the JTA for two
frequency anti-correlated photons, when two spectral fil-
ters are placed before the beam-splitter is:
JTA(τ) = e−(ω1−ω2)
2/4σ2e−τ
2σ2/4e−iτ(ω1−ω2), (18)
where the JTA depends only on the time difference τ =
ts−ti owing to the anti-correlation in frequencies. Taking
into account Eq. (17), the joint detection measurement
I(τ) ∝ |JTA(τ)− JTA(−τ)|2 becomes:
I(τ) =
1
4
[|JTA(τ)|2+|JTA(−τ)|2−2Re(JTA(τ)JTA∗(−τ))].
(19)
Finally using Eq. (18) and after normalization, we obtain:
I(τ) =
1
2
e−τ
2σ2(1− cos(2τ(ω1 − ω2)). (20)
Alternatively the joint detection can be written as I(τ) =
|〈τ |ψ〉|2, where the probability amplitude 〈τ |ψ〉 is the
Fourier transform of the sum of the spectral function
of the filters. This measurement gives the marginal
of the chronocyclic Wigner distribution, defined in the
appendix Eq. (A5),
∫
dωW−(ω, τ) = I(τ) and in that
sense is perfectly analogous to the intensity measured
in a biphoton Young experiment as we shall see in the
next section, except for the sign in front of the inter-
ference term which comes from the reflectivity of the
beam-splitter. The joint detection measurement is repre-
sented on Fig. 5. It shows an oscillatory behavior, which
is the marginal of the chronocyclic Wigner distribution
of a frequency-time cat-like state along the time axis.
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FIG. 5: Joint detection probability I(τ) as a function of
the time difference τ in arbitrary units. It corresponds to
the marginal of the chronocyclic Wigner distribution of a fre-
quency (odd) cat state and differ from the non-resolved HOM
experiment (see Fig. 2 (d)) where the cut of the chronocyclic
Wigner distribution is actually obtained.
B. Double-slit experiment with a biphoton state
We now develop the analogy between the biphoton
Young’s experiment and the time-resolved HOM exper-
iment. This analogy is useful to understand the previ-
ous experiment in terms of frequency-time cat-like state.
Similar experiment to the one described below can be
found in Refs. [26, 27].
We consider two position anti-correlated photons
which are polarized and sent through two slits: a ver-
tically (V) polarized photon can pass only in the lower
slit and a horizontally (H) photon in the upper slit as
indicated in Fig. 6 (c). The spatial degree of freedom
in the HOM experiment corresponding to the two ports
of the interferometer is translated in the Young’s exper-
iment into the polarization since they both constitute
discrete degrees of freedom. In the far field regime using
the Fraunhofer approximation, propagation leads to the
Fourier transform of the photonic transverse spatial vari-
ables [28, 29]. Thus, the two slits experiment with anti-
correlated photons leads to the generation of position-
momentum cat states without post-selection (see Fig. 6).
Formally, the two-photon cat state can be described
by the wave function after the two slits:
|ψ〉 =
∫∫
dx1dx2F (x1, x2)fxA+xB (x+)
× fxA−xB (x−)aˆ†H(x1)aˆ†V (x2) |0〉 , (21)
where F (x1, x2) is the transverse distribution of the two
photon state before the two slits. aˆ†H/V (xi) is the cre-
ation operator of a single photon at position xi with
polarization H/V . The two slits behave as a posi-
tion filter that can be modeled by a Gaussian function
fxA/B (x) = exp(−(x − xA/B)2/(2σ2)), with σ the spa-
tial width of the filter which is analogous to the width
of the frequency filter as in Eq. (6). We also employed
&
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<latexit sha1_base64="q9LCjGlml/fo4IL63vhb19CzhP0=">AAAC7XicjVLJSsRAFCzjNu6jHr0EB8WTJCLoUf TiUcVxBBVJYo82ZiPdEQbxD7yOJ/HqN/kHij9hdZsBF1w6JKmu96qS6u4wj6XSnvfU5/QPDA4N10ZGx8YnJqfq0zMHKiuLSDSjLM6KwzBQIpapaGqpY3GYFyJIwli0wsstU29diULJLN3XnVycJMF5KtsyCjSpvePF03rDW/bscL8DvwINV GMnq7/iGGfIEKFEAoEUmjhGAMXrCD485OROcE2uIJK2LnCDUWpLdgl2BGQv+Tzn7KhiU86Np7LqiF+JeRdUuligJmNfQWy+5tp6aZ0N+5P3tfU0/9bhO6y8ErIaF2T/0vU6/6szWTTaWLcZJDPlljHposqltKti/tz9kErTISdn8BnrBXFk lb11dq1G2exmbQNbf7adhjXzqOot8fJrupwpOqyY3VG44UHwv277d3CwsuwT7642NjarI1HDHOaxxH1fwwa2sYMmHdu4RRd3TuZ0nXvn4b3V6as0s/g0nMc3nyeY3Q==</latexit><latexit sha1_base64="q9LCjGlml/fo4IL63vhb19CzhP0=">AAAC7XicjVLJSsRAFCzjNu6jHr0EB8WTJCLoUf TiUcVxBBVJYo82ZiPdEQbxD7yOJ/HqN/kHij9hdZsBF1w6JKmu96qS6u4wj6XSnvfU5/QPDA4N10ZGx8YnJqfq0zMHKiuLSDSjLM6KwzBQIpapaGqpY3GYFyJIwli0wsstU29diULJLN3XnVycJMF5KtsyCjSpvePF03rDW/bscL8DvwINV GMnq7/iGGfIEKFEAoEUmjhGAMXrCD485OROcE2uIJK2LnCDUWpLdgl2BGQv+Tzn7KhiU86Np7LqiF+JeRdUuligJmNfQWy+5tp6aZ0N+5P3tfU0/9bhO6y8ErIaF2T/0vU6/6szWTTaWLcZJDPlljHposqltKti/tz9kErTISdn8BnrBXFk lb11dq1G2exmbQNbf7adhjXzqOot8fJrupwpOqyY3VG44UHwv277d3CwsuwT7642NjarI1HDHOaxxH1fwwa2sYMmHdu4RRd3TuZ0nXvn4b3V6as0s/g0nMc3nyeY3Q==</latexit><latexit sha1_base64="q9LCjGlml/fo4IL63vhb19CzhP0=">AAAC7XicjVLJSsRAFCzjNu6jHr0EB8WTJCLoUf TiUcVxBBVJYo82ZiPdEQbxD7yOJ/HqN/kHij9hdZsBF1w6JKmu96qS6u4wj6XSnvfU5/QPDA4N10ZGx8YnJqfq0zMHKiuLSDSjLM6KwzBQIpapaGqpY3GYFyJIwli0wsstU29diULJLN3XnVycJMF5KtsyCjSpvePF03rDW/bscL8DvwINV GMnq7/iGGfIEKFEAoEUmjhGAMXrCD485OROcE2uIJK2LnCDUWpLdgl2BGQv+Tzn7KhiU86Np7LqiF+JeRdUuligJmNfQWy+5tp6aZ0N+5P3tfU0/9bhO6y8ErIaF2T/0vU6/6szWTTaWLcZJDPlljHposqltKti/tz9kErTISdn8BnrBXFk lb11dq1G2exmbQNbf7adhjXzqOot8fJrupwpOqyY3VG44UHwv277d3CwsuwT7642NjarI1HDHOaxxH1fwwa2sYMmHdu4RRd3TuZ0nXvn4b3V6as0s/g0nMc3nyeY3Q==</latexit><latexit sha1_base64="q9LCjGlml/fo4IL63vhb19CzhP0=">AAAC7XicjVLJSsRAFCzjNu6jHr0EB8WTJCLoUf TiUcVxBBVJYo82ZiPdEQbxD7yOJ/HqN/kHij9hdZsBF1w6JKmu96qS6u4wj6XSnvfU5/QPDA4N10ZGx8YnJqfq0zMHKiuLSDSjLM6KwzBQIpapaGqpY3GYFyJIwli0wsstU29diULJLN3XnVycJMF5KtsyCjSpvePF03rDW/bscL8DvwINV GMnq7/iGGfIEKFEAoEUmjhGAMXrCD485OROcE2uIJK2LnCDUWpLdgl2BGQv+Tzn7KhiU86Np7LqiF+JeRdUuligJmNfQWy+5tp6aZ0N+5P3tfU0/9bhO6y8ErIaF2T/0vU6/6szWTTaWLcZJDPlljHposqltKti/tz9kErTISdn8BnrBXFk lb11dq1G2exmbQNbf7adhjXzqOot8fJrupwpOqyY3VG44UHwv277d3CwsuwT7642NjarI1HDHOaxxH1fwwa2sYMmHdu4RRd3TuZ0nXvn4b3V6as0s/g0nMc3nyeY3Q==</latexit>
(a)
<latexit sha1_base64="ILbTN/odwq/J5JJpJM0rKx2RpK4=">AAAC9XicjVLNSsNAGJzGv/pf9eglWAS9lEQEPRa 9eFSwtliLJHHVYJqEZKOW0rfwWk/i1efxDRRfwtk1BbX4syHJ7HzfTDK768aBn0rLei4YI6Nj4xPFyanpmdm5+dLC4lEaZYknal4UREnDdVIR+KGoSV8GohEnwmm7gai7V7uqXr8WSepH4aHsxKLVdi5C/9z3HEnqeO1EilvZdXrrp6WyVbH 0MIeBnYMy8rEfld5wgjNE8JChDYEQkjiAg5RXEzYsxORa6JJLiHxdF+hhitqMXYIdDtkrPi84a+ZsyLnyTLXa41cC3gmVJlapidiXEKuvmbqeaWfF/uTd1Z7q3zp8u7lXm6zEJdm/dIPO/+pUFolzbOsMPjPFmlHpvNwl06ui/tz8lErSISa n8BnrCbGnlYN1NrUm1dnV2jq6/qI7FavmXt6b4fXXdDFTdFhRu5Oix4Ngf9/2YXC0UbGJDzbL1Z38SBSxjBWscd+3UMUe9lGjY4g79HFv3Bh948F4/Gg1CrlmCV+G8fQOMFucdg==</latexit><latexit sha1_base64="ILbTN/odwq/J5JJpJM0rKx2RpK4=">AAAC9XicjVLNSsNAGJzGv/pf9eglWAS9lEQEPRa 9eFSwtliLJHHVYJqEZKOW0rfwWk/i1efxDRRfwtk1BbX4syHJ7HzfTDK768aBn0rLei4YI6Nj4xPFyanpmdm5+dLC4lEaZYknal4UREnDdVIR+KGoSV8GohEnwmm7gai7V7uqXr8WSepH4aHsxKLVdi5C/9z3HEnqeO1EilvZdXrrp6WyVbH 0MIeBnYMy8rEfld5wgjNE8JChDYEQkjiAg5RXEzYsxORa6JJLiHxdF+hhitqMXYIdDtkrPi84a+ZsyLnyTLXa41cC3gmVJlapidiXEKuvmbqeaWfF/uTd1Z7q3zp8u7lXm6zEJdm/dIPO/+pUFolzbOsMPjPFmlHpvNwl06ui/tz8lErSISa n8BnrCbGnlYN1NrUm1dnV2jq6/qI7FavmXt6b4fXXdDFTdFhRu5Oix4Ngf9/2YXC0UbGJDzbL1Z38SBSxjBWscd+3UMUe9lGjY4g79HFv3Bh948F4/Gg1CrlmCV+G8fQOMFucdg==</latexit><latexit sha1_base64="ILbTN/odwq/J5JJpJM0rKx2RpK4=">AAAC9XicjVLNSsNAGJzGv/pf9eglWAS9lEQEPRa 9eFSwtliLJHHVYJqEZKOW0rfwWk/i1efxDRRfwtk1BbX4syHJ7HzfTDK768aBn0rLei4YI6Nj4xPFyanpmdm5+dLC4lEaZYknal4UREnDdVIR+KGoSV8GohEnwmm7gai7V7uqXr8WSepH4aHsxKLVdi5C/9z3HEnqeO1EilvZdXrrp6WyVbH 0MIeBnYMy8rEfld5wgjNE8JChDYEQkjiAg5RXEzYsxORa6JJLiHxdF+hhitqMXYIdDtkrPi84a+ZsyLnyTLXa41cC3gmVJlapidiXEKuvmbqeaWfF/uTd1Z7q3zp8u7lXm6zEJdm/dIPO/+pUFolzbOsMPjPFmlHpvNwl06ui/tz8lErSISa n8BnrCbGnlYN1NrUm1dnV2jq6/qI7FavmXt6b4fXXdDFTdFhRu5Oix4Ngf9/2YXC0UbGJDzbL1Z38SBSxjBWscd+3UMUe9lGjY4g79HFv3Bh948F4/Gg1CrlmCV+G8fQOMFucdg==</latexit><latexit sha1_base64="ILbTN/odwq/J5JJpJM0rKx2RpK4=">AAAC9XicjVLNSsNAGJzGv/pf9eglWAS9lEQEPRa 9eFSwtliLJHHVYJqEZKOW0rfwWk/i1efxDRRfwtk1BbX4syHJ7HzfTDK768aBn0rLei4YI6Nj4xPFyanpmdm5+dLC4lEaZYknal4UREnDdVIR+KGoSV8GohEnwmm7gai7V7uqXr8WSepH4aHsxKLVdi5C/9z3HEnqeO1EilvZdXrrp6WyVbH 0MIeBnYMy8rEfld5wgjNE8JChDYEQkjiAg5RXEzYsxORa6JJLiHxdF+hhitqMXYIdDtkrPi84a+ZsyLnyTLXa41cC3gmVJlapidiXEKuvmbqeaWfF/uTd1Z7q3zp8u7lXm6zEJdm/dIPO/+pUFolzbOsMPjPFmlHpvNwl06ui/tz8lErSISa n8BnrCbGnlYN1NrUm1dnV2jq6/qI7FavmXt6b4fXXdDFTdFhRu5Oix4Ngf9/2YXC0UbGJDzbL1Z38SBSxjBWscd+3UMUe9lGjY4g79HFv3Bh948F4/Gg1CrlmCV+G8fQOMFucdg==</latexit>
(b)
<latexit sha1_base64="mpW3jFqmZESu+s0CYoiiPAg1U6A=">AAAC9XicjVLNSsNAGJzGv/pf9eglWAS9lEQEPR a9eFSwtliLJHHVYJqEZKOW0rfwWk/i1efxDRRfwtk1BbX4syHJ7HzfTDK768aBn0rLei4YI6Nj4xPFyanpmdm5+dLC4lEaZYknal4UREnDdVIR+KGoSV8GohEnwmm7gai7V7uqXr8WSepH4aHsxKLVdi5C/9z3HEnqeO1EilvZdXvrp6WyV bH0MIeBnYMy8rEfld5wgjNE8JChDYEQkjiAg5RXEzYsxORa6JJLiHxdF+hhitqMXYIdDtkrPi84a+ZsyLnyTLXa41cC3gmVJlapidiXEKuvmbqeaWfF/uTd1Z7q3zp8u7lXm6zEJdm/dIPO/+pUFolzbOsMPjPFmlHpvNwl06ui/tz8lErS ISan8BnrCbGnlYN1NrUm1dnV2jq6/qI7FavmXt6b4fXXdDFTdFhRu5Oix4Ngf9/2YXC0UbGJDzbL1Z38SBSxjBWscd+3UMUe9lGjY4g79HFv3Bh948F4/Gg1CrlmCV+G8fQOMuWcdw==</latexit><latexit sha1_base64="mpW3jFqmZESu+s0CYoiiPAg1U6A=">AAAC9XicjVLNSsNAGJzGv/pf9eglWAS9lEQEPR a9eFSwtliLJHHVYJqEZKOW0rfwWk/i1efxDRRfwtk1BbX4syHJ7HzfTDK768aBn0rLei4YI6Nj4xPFyanpmdm5+dLC4lEaZYknal4UREnDdVIR+KGoSV8GohEnwmm7gai7V7uqXr8WSepH4aHsxKLVdi5C/9z3HEnqeO1EilvZdXvrp6WyV bH0MIeBnYMy8rEfld5wgjNE8JChDYEQkjiAg5RXEzYsxORa6JJLiHxdF+hhitqMXYIdDtkrPi84a+ZsyLnyTLXa41cC3gmVJlapidiXEKuvmbqeaWfF/uTd1Z7q3zp8u7lXm6zEJdm/dIPO/+pUFolzbOsMPjPFmlHpvNwl06ui/tz8lErS ISan8BnrCbGnlYN1NrUm1dnV2jq6/qI7FavmXt6b4fXXdDFTdFhRu5Oix4Ngf9/2YXC0UbGJDzbL1Z38SBSxjBWscd+3UMUe9lGjY4g79HFv3Bh948F4/Gg1CrlmCV+G8fQOMuWcdw==</latexit><latexit sha1_base64="mpW3jFqmZESu+s0CYoiiPAg1U6A=">AAAC9XicjVLNSsNAGJzGv/pf9eglWAS9lEQEPR a9eFSwtliLJHHVYJqEZKOW0rfwWk/i1efxDRRfwtk1BbX4syHJ7HzfTDK768aBn0rLei4YI6Nj4xPFyanpmdm5+dLC4lEaZYknal4UREnDdVIR+KGoSV8GohEnwmm7gai7V7uqXr8WSepH4aHsxKLVdi5C/9z3HEnqeO1EilvZdXvrp6WyV bH0MIeBnYMy8rEfld5wgjNE8JChDYEQkjiAg5RXEzYsxORa6JJLiHxdF+hhitqMXYIdDtkrPi84a+ZsyLnyTLXa41cC3gmVJlapidiXEKuvmbqeaWfF/uTd1Z7q3zp8u7lXm6zEJdm/dIPO/+pUFolzbOsMPjPFmlHpvNwl06ui/tz8lErS ISan8BnrCbGnlYN1NrUm1dnV2jq6/qI7FavmXt6b4fXXdDFTdFhRu5Oix4Ngf9/2YXC0UbGJDzbL1Z38SBSxjBWscd+3UMUe9lGjY4g79HFv3Bh948F4/Gg1CrlmCV+G8fQOMuWcdw==</latexit><latexit sha1_base64="mpW3jFqmZESu+s0CYoiiPAg1U6A=">AAAC9XicjVLNSsNAGJzGv/pf9eglWAS9lEQEPR a9eFSwtliLJHHVYJqEZKOW0rfwWk/i1efxDRRfwtk1BbX4syHJ7HzfTDK768aBn0rLei4YI6Nj4xPFyanpmdm5+dLC4lEaZYknal4UREnDdVIR+KGoSV8GohEnwmm7gai7V7uqXr8WSepH4aHsxKLVdi5C/9z3HEnqeO1EilvZdXvrp6WyV bH0MIeBnYMy8rEfld5wgjNE8JChDYEQkjiAg5RXEzYsxORa6JJLiHxdF+hhitqMXYIdDtkrPi84a+ZsyLnyTLXa41cC3gmVJlapidiXEKuvmbqeaWfF/uTd1Z7q3zp8u7lXm6zEJdm/dIPO/+pUFolzbOsMPjPFmlHpvNwl06ui/tz8lErS ISan8BnrCbGnlYN1NrUm1dnV2jq6/qI7FavmXt6b4fXXdDFTdFhRu5Oix4Ngf9/2YXC0UbGJDzbL1Z38SBSxjBWscd+3UMUe9lGjY4g79HFv3Bh948F4/Gg1CrlmCV+G8fQOMuWcdw==</latexit>
(c)
<latexit sha1_base64="F1OhuGZszytHWhZuw7MhOI/Wr4M=">AAAC9XicjVJLS8NAGBzj+1316CVYBL2URAQ9Fr1 4rGCrqEWSdVuDaRKSjVpK/4VXPYlXf4//QPFPOLtG8IGPDUlm5/tmktldPwmDTDnO44A1ODQ8Mjo2PjE5NT0zW5qbb2RxngpZF3EYpwe+l8kwiGRdBSqUB0kqvY4fyn3/fFvX9y9kmgVxtKe6iWx2vHYUtALhKVKHK8dKXqme6K+elMpOxTH D/g7cApRRjFpcesExThFDIEcHEhEUcQgPGa8juHCQkGuiRy4lCkxdoo8JanN2SXZ4ZM/5bHN2VLAR59ozM2rBr4S8UyptLFMTsy8l1l+zTT03zpr9ybtnPPW/dfn2C68OWYUzsn/p3jv/q9NZFFrYNBkCZkoMo9OJwiU3q6L/3P6QStEhIaf xKespsTDK93W2jSYz2fXaeqb+ZDo1q+ei6M3x/Gu6hCm6rOjdydDnQXC/bvt30FiruMS76+XqVnEkxrCIJaxw3zdQxQ5qqNMxwjVucGtdWjfWnXX/1moNFJoFfBrWwys1b5x4</latexit><latexit sha1_base64="F1OhuGZszytHWhZuw7MhOI/Wr4M=">AAAC9XicjVJLS8NAGBzj+1316CVYBL2URAQ9Fr1 4rGCrqEWSdVuDaRKSjVpK/4VXPYlXf4//QPFPOLtG8IGPDUlm5/tmktldPwmDTDnO44A1ODQ8Mjo2PjE5NT0zW5qbb2RxngpZF3EYpwe+l8kwiGRdBSqUB0kqvY4fyn3/fFvX9y9kmgVxtKe6iWx2vHYUtALhKVKHK8dKXqme6K+elMpOxTH D/g7cApRRjFpcesExThFDIEcHEhEUcQgPGa8juHCQkGuiRy4lCkxdoo8JanN2SXZ4ZM/5bHN2VLAR59ozM2rBr4S8UyptLFMTsy8l1l+zTT03zpr9ybtnPPW/dfn2C68OWYUzsn/p3jv/q9NZFFrYNBkCZkoMo9OJwiU3q6L/3P6QStEhIaf xKespsTDK93W2jSYz2fXaeqb+ZDo1q+ei6M3x/Gu6hCm6rOjdydDnQXC/bvt30FiruMS76+XqVnEkxrCIJaxw3zdQxQ5qqNMxwjVucGtdWjfWnXX/1moNFJoFfBrWwys1b5x4</latexit><latexit sha1_base64="F1OhuGZszytHWhZuw7MhOI/Wr4M=">AAAC9XicjVJLS8NAGBzj+1316CVYBL2URAQ9Fr1 4rGCrqEWSdVuDaRKSjVpK/4VXPYlXf4//QPFPOLtG8IGPDUlm5/tmktldPwmDTDnO44A1ODQ8Mjo2PjE5NT0zW5qbb2RxngpZF3EYpwe+l8kwiGRdBSqUB0kqvY4fyn3/fFvX9y9kmgVxtKe6iWx2vHYUtALhKVKHK8dKXqme6K+elMpOxTH D/g7cApRRjFpcesExThFDIEcHEhEUcQgPGa8juHCQkGuiRy4lCkxdoo8JanN2SXZ4ZM/5bHN2VLAR59ozM2rBr4S8UyptLFMTsy8l1l+zTT03zpr9ybtnPPW/dfn2C68OWYUzsn/p3jv/q9NZFFrYNBkCZkoMo9OJwiU3q6L/3P6QStEhIaf xKespsTDK93W2jSYz2fXaeqb+ZDo1q+ei6M3x/Gu6hCm6rOjdydDnQXC/bvt30FiruMS76+XqVnEkxrCIJaxw3zdQxQ5qqNMxwjVucGtdWjfWnXX/1moNFJoFfBrWwys1b5x4</latexit><latexit sha1_base64="F1OhuGZszytHWhZuw7MhOI/Wr4M=">AAAC9XicjVJLS8NAGBzj+1316CVYBL2URAQ9Fr1 4rGCrqEWSdVuDaRKSjVpK/4VXPYlXf4//QPFPOLtG8IGPDUlm5/tmktldPwmDTDnO44A1ODQ8Mjo2PjE5NT0zW5qbb2RxngpZF3EYpwe+l8kwiGRdBSqUB0kqvY4fyn3/fFvX9y9kmgVxtKe6iWx2vHYUtALhKVKHK8dKXqme6K+elMpOxTH D/g7cApRRjFpcesExThFDIEcHEhEUcQgPGa8juHCQkGuiRy4lCkxdoo8JanN2SXZ4ZM/5bHN2VLAR59ozM2rBr4S8UyptLFMTsy8l1l+zTT03zpr9ybtnPPW/dfn2C68OWYUzsn/p3jv/q9NZFFrYNBkCZkoMo9OJwiU3q6L/3P6QStEhIaf xKespsTDK93W2jSYz2fXaeqb+ZDo1q+ei6M3x/Gu6hCm6rOjdydDnQXC/bvt30FiruMS76+XqVnEkxrCIJaxw3zdQxQ5qqNMxwjVucGtdWjfWnXX/1moNFJoFfBrWwys1b5x4</latexit>
aˆ†(!1)bˆ†(!2)
<latexit sha1_base64="9ignZmpXRQ15CvKMQQxh0K2BEMo=">AAAC/3icjVHLSsNAFD3G97vq0k2wCHZTEhEUV6Iblwq2FqyWSTpNg3kxmQgSsvBP3LkTt/6AW92Jf6B/4Z0xgk90QpIz595zZu6 9ThL4qbSspwFjcGh4ZHRsfGJyanpmtjI330zjTLi84cZBLFoOS3ngR7whfRnwViI4C52AHzqnOyp+eMZF6sfRgTxP+HHIvMjv+S6TRHUqm+0+kzkrTvJ2l3keF8VKOw65xzq5XdR00PkpuFrUOpWqVbf0Mr8DuwRVlGsvrjyijS5iuMgQgiOCJByAIaXnCDYsJMQdIydOEPJ1nKPABGkzyuKUwYg9pa9Hu6OSjWivPFOtdumUgF5BShPLpIkpTxBWp5k6nmlnxf7mnWtPdbdz+julV0isRJ/Yv3Tvmf/VqVok etjQNfhUU6IZVZ1bumS6K+rm5oeqJDkkxCncpbgg7Grle59NrUl17aq3TMefdaZi1d4tczO8qFvSgO2v4/wOmqt1m/D+WnVruxz1GBaxhBWa5zq2sIs9NMj7Ene4x4NxYVwZ18bNW6oxUGoW8GkZt6+bAagK</latexit><latexit sha1_base64="9ignZmpXRQ15CvKMQQxh0K2BEMo=">AAAC/3icjVHLSsNAFD3G97vq0k2wCHZTEhEUV6Iblwq2FqyWSTpNg3kxmQgSsvBP3LkTt/6AW92Jf6B/4Z0xgk90QpIz595zZu6 9ThL4qbSspwFjcGh4ZHRsfGJyanpmtjI330zjTLi84cZBLFoOS3ngR7whfRnwViI4C52AHzqnOyp+eMZF6sfRgTxP+HHIvMjv+S6TRHUqm+0+kzkrTvJ2l3keF8VKOw65xzq5XdR00PkpuFrUOpWqVbf0Mr8DuwRVlGsvrjyijS5iuMgQgiOCJByAIaXnCDYsJMQdIydOEPJ1nKPABGkzyuKUwYg9pa9Hu6OSjWivPFOtdumUgF5BShPLpIkpTxBWp5k6nmlnxf7mnWtPdbdz+julV0isRJ/Yv3Tvmf/VqVok etjQNfhUU6IZVZ1bumS6K+rm5oeqJDkkxCncpbgg7Grle59NrUl17aq3TMefdaZi1d4tczO8qFvSgO2v4/wOmqt1m/D+WnVruxz1GBaxhBWa5zq2sIs9NMj7Ene4x4NxYVwZ18bNW6oxUGoW8GkZt6+bAagK</latexit><latexit sha1_base64="9ignZmpXRQ15CvKMQQxh0K2BEMo=">AAAC/3icjVHLSsNAFD3G97vq0k2wCHZTEhEUV6Iblwq2FqyWSTpNg3kxmQgSsvBP3LkTt/6AW92Jf6B/4Z0xgk90QpIz595zZu6 9ThL4qbSspwFjcGh4ZHRsfGJyanpmtjI330zjTLi84cZBLFoOS3ngR7whfRnwViI4C52AHzqnOyp+eMZF6sfRgTxP+HHIvMjv+S6TRHUqm+0+kzkrTvJ2l3keF8VKOw65xzq5XdR00PkpuFrUOpWqVbf0Mr8DuwRVlGsvrjyijS5iuMgQgiOCJByAIaXnCDYsJMQdIydOEPJ1nKPABGkzyuKUwYg9pa9Hu6OSjWivPFOtdumUgF5BShPLpIkpTxBWp5k6nmlnxf7mnWtPdbdz+julV0isRJ/Yv3Tvmf/VqVok etjQNfhUU6IZVZ1bumS6K+rm5oeqJDkkxCncpbgg7Grle59NrUl17aq3TMefdaZi1d4tczO8qFvSgO2v4/wOmqt1m/D+WnVruxz1GBaxhBWa5zq2sIs9NMj7Ene4x4NxYVwZ18bNW6oxUGoW8GkZt6+bAagK</latexit><latexit sha1_base64="9ignZmpXRQ15CvKMQQxh0K2BEMo=">AAAC/3icjVHLSsNAFD3G97vq0k2wCHZTEhEUV6Iblwq2FqyWSTpNg3kxmQgSsvBP3LkTt/6AW92Jf6B/4Z0xgk90QpIz595zZu6 9ThL4qbSspwFjcGh4ZHRsfGJyanpmtjI330zjTLi84cZBLFoOS3ngR7whfRnwViI4C52AHzqnOyp+eMZF6sfRgTxP+HHIvMjv+S6TRHUqm+0+kzkrTvJ2l3keF8VKOw65xzq5XdR00PkpuFrUOpWqVbf0Mr8DuwRVlGsvrjyijS5iuMgQgiOCJByAIaXnCDYsJMQdIydOEPJ1nKPABGkzyuKUwYg9pa9Hu6OSjWivPFOtdumUgF5BShPLpIkpTxBWp5k6nmlnxf7mnWtPdbdz+julV0isRJ/Yv3Tvmf/VqVok etjQNfhUU6IZVZ1bumS6K+rm5oeqJDkkxCncpbgg7Grle59NrUl17aq3TMefdaZi1d4tczO8qFvSgO2v4/wOmqt1m/D+WnVruxz1GBaxhBWa5zq2sIs9NMj7Ene4x4NxYVwZ18bNW6oxUGoW8GkZt6+bAagK</latexit>
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FIG. 6: Analogy between the biphoton Young’s experiment
and the time-resolved Hong Ou and Mandel interferometer.
(a) A biphoton with polarization H/V crosses the slits cen-
tered at xA/xB . (b) A biphoton state in port A/B cross the
filter centered at frequency ω1/ω2. (c) Propagation of the
biphoton in the near field. (d) Propagation of the bipho-
ton (the dispersion in free space being neglected). (e, f) An
even (resp. odd) cat state is produced in the far field (resp.
after the beam-splitter (BS in the figure) ) where joint de-
tection measurement is performed. The detection parameters
are noted in the two experiments p1/2 = kx1/2/z and t1/2 but
only their difference matter.
the notation used for the factorized form of the function
filters fxA(x1)fxB (x2) = fxA+xB (x+)fxA−xB (x−) where
x± = x1 ± x2. We will consider again the factoriza-
tion F (x1, x2) = δ(x+)f−(x−) and the condition σ  ∆,
where ∆ is the width of the slit of f−. In the near field,
we observe two Gaussian peaks which are the slits trans-
mittance.
In the far-field, two detectors are placed at position xi,
i = 1, 2 and at a distance from the slits z. Propagation in
the far field (z  kx21) plays the role of the beam-splitter:
due to the diffraction, each detector detects photons com-
ing from either slits, forming a coherent superposition of
both possible polarized photons that propagated until z.
With the same calculation of the previous section, the
joint detection I(p) = |〈p|ψ〉|2 is:
I(p) =
1
2
e−p
2σ2(1 + cos(2p(xA − xB)), (22)
where p = k(x1−x2)/z which shows the signature of the
creation of an even position-momentum cat. Again the
amplitude of probability 〈p|ψ〉 corresponds to the coher-
ent sum of the Fourier transform of the transmittance of
the slits. This biphoton Young experiment can be consid-
ered as a ”momentum resolved” detection scheme, where
the detection parameter p is analogous to the time dif-
ference τ in the time-resolved HOM experiment.
The propagation can also be viewed as a pi/2 rotation in
the position-momentum phase space, or a Fourier trans-
form. Accessing the marginals of the Wigner distribution
9between these two limits corresponds to implementing
fractional Fourier transform to the state.
IV. MANIPULATING THE FREQUENCY-TIME
DEGREE OF FREEDOM OF THE BIPHOTON
STATE
In this last section, we discuss a method to perform
a fractional Fourier transform in frequency-time vari-
able based on an experimental technique that can be
implemented in a chip in transverse pump configuration
[17, 22]. We will work in the non time-resolved detection
limit δ  T .
The aim of this section is to provide the analo-
gous phase gate in position-momentum variable Pˆ (θ) =
exp(iθXˆ2) (where θ is the rotation angle and Xˆ is the
position operator) in the collective frequency-time vari-
able (ω−, τ) of the biphoton state. We propose a solution
using the integrated photonic chip described in Sec. II B
and [10] by engineering the phase matching function so as
to perform a rotation in the frequency-time phase space.
If the length of the circuit is much greater than the spatial
width of the pump profile, the phase matching function
is the Fourier transform of the spatial profile of the pump
A(z) [10, 22]:
f−(ω−) =
∫
R
A(z)eiω−z/vgdz, (23)
where vg is the group velocity and z is the direction
of the propagation of the two photons. According to
[22] and Eq. (23) the spatial profile of the pump is the
rescaled Fourier transform of the phase matching func-
tion f˜(t−) = A(t−vg). The adapted spatial profile to
perform the rotation in the frequency-time phase space
is:
A(z) = e−
z2
2∆z2 eiz
2/a2 , (24)
where ∆z is the spatial width of the pump. The term
eiz
2/a2 can be obtained using a spatial light modulator
(SLM) to produce a quadratic spatial phase with a curva-
ture a that can be experimentally controlled and varied.
It can be viewed as a time chirp owing to the relation
Eq. (23). This frequency-time gate can also be consid-
ered as a time lens [30].
The chronocyclic Wigner distribution of the phase
matching function is modified as follows:
W−(ω−, τ)→W−(ω− − τa, τ). (25)
Since the coincidence probability is the measurement
of the cut at ω− = 0 of the Wigner distribution, this
solution enables the measurement of the full distribution
without a frequency shift but rather by controlling the
parameter a. Then, changing the value of a and repeat-
ing the OM experiment by varying τ , we can measure
different cuts of the chronocyclic Wigner distribution
corresponding to different frequency values.
For integrated or bulk optical system, this phase gate
can be realized with a grating, which map frequency to
spatial degree of freedom followed by a SLM and then
another grating to return in the frequency degree of
freedom domain [31].
V. CONCLUSION, PERSPECTIVES
As a conclusion, we fully revisited the OM experi-
ment in terms of Chronocyclic Wigner distribution in
frequency-time phase space for non resolved time coin-
cidence detection. In the new interpretation of the ex-
periment proposed here, interference fringes are associ-
ated to a signature of a measurement of a two photon
frequency-time Schro¨dinger cat-like state. An analogy
between the time-resolved experiment and the biphoton
Young’s experiment has also been developed, which can
help to design experiments. Lastly, we propose several
approaches to engineer different frequency-time cat-like
state for application in quantum metrology. Due to the
non-commutativity structure of the frequency-time phase
space at the single photon level, these variables are equiv-
alent to the quadrature position-momentum continuous
variable. Another perspective of our work is applying
it on quantum information protocols based on continu-
ous variables by using the mathematical analogy between
single mode/many photon states (field quadratures) and
many modes/single photon ones [18]. Our results can
hence be applied to propose non-locality tests based on
the detection of entangled Schro¨dinger cat states [32], on
the coding of quantum information in Schro¨dinger cat
states [33] and other parity-based continuous variables
quantum protocols. Our work provides a new perspective
on quantum state engineering and measurement, open-
ing applications in quantum information and metrology.
For instance, in [34], the authors use a frequency-time
cat state produced without post-selection in a metrology
protocol to measure the thermal dilatation of an optical
fiber.
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Appendix A: FREQUENCY-TIME CAT-LIKE
STATE
1. Chronocyclic Wigner distribution of
frequency-time cat-like state
The chronocyclic Wigner distribution of a general two-
photon state is defined as [18, 35]:
W (ωs, ωi, ts, ti) =
∫∫
dω′dω′′e2iω
′tse2iω
′′ti〈
ωs − ω′, ωi − ω′′
∣∣ ρˆ ∣∣ωs + ω′, ωi + ω′′〉 . (A1)
The construction of this frequency-time distribution was
shown in [18] and emphasizes the quantumness of this
distribution when the source of light is composed of single
photon. For a pure state ρˆ = |ψ〉 〈ψ|, and with a wave
function of the form:
|ψ〉 =
∫∫
f+(ω+)f−(ω−) |ωs, ωi〉dωsdωi. (A2)
we obtain the chronocyclic Wigner distribution:
W (ωs, ωi, ts, ti) =
∫∫
dω′dω′′e2iω
′tse2iω
′′tif+(ω+−ω′−ω′′)
f∗+(ω+ + ω
′ + ω′′)f−(ω− − ω′ + ω′′)f∗−(ω− − ω′′ + ω′),
(A3)
After performing a change of variable, the chronocyclic
Wigner distribution can be factorized as follows:
W (ωs, ωi, ts, ti) = W+(ω+, t+)W−(ω−, t−), (A4)
where we have noted,
W±(ω, t) =
∫
dω′e2iω
′tf±(ω − ω′)f∗±(ω + ω′). (A5)
As it was shown in [9], the measured coincidence prob-
ability in the generalized HOM experiment is related to
the chronocyclic Wigner distribution of the phase match-
ing function:
I(2τ, ω−) =
1
2
(1−W−(ω−, τ)). (A6)
The relevant part of the chronocylic Wigner distribution
for this experiment is the W− part. For an even (resp.
odd) frequency-time cat-like state, with a phase matching
function of the form:
f−(ω−) =
1√
2
(fω1−ω2(ω−)± fω2−ω1(ω−)), (A7)
where fωi(ω−) = exp(−(ω− − ωi)2/(2σ2)), the chrono-
cylic Wigner distribution is:
W−(ω−, τ) =
1
2
[
∫
dω′e2iω
′τ (fω1−ω2(ω−+ω
′)+fω2−ω1(ω−+ω
′))
× (f∗ω1−ω2(−ω′ + ω−) + f∗ω2−ω1(−ω′ + ω−))]. (A8)
The distribution is composed of three terms,
W−(ω−, τ) = Wcat(ω−, τ) = W12(ω−, τ) +W21(ω−, τ)
+Wbeating(ω−, τ). (A9)
The shape of the Wigner distribution of the frequency-
time cat-like state Wcat(ω−, τ) is showed in the main text
on Fig. 2. The first and second terms are Gaussian func-
tions centered at ω− = ω1 ∓ ω2 and τ = 0:
W12(ω−, τ) =
∫
dω′e2iω
′τfω1−ω2(ω−+ω
′)f∗ω1−ω2(−ω′+ω−)
= e−τ
2σ2e−(ω−−(ω1+ω2))
2/σ2 . (A10)
Whereas the interference term is under the form:
Wbeating(ω−, τ) =
∫
e2iω
′τ (fω1−ω2(ω−+ω
′)f∗ω2−ω1(−ω′+ω−)
+ fω2−ω1(ω− + ω
′)f∗ω1−ω2(−ω′ + ω−))dω′. (A11)
Since the filters are modeled by an even function, we
can write the product as: fω1−ω2(ω− + ω
′)f∗ω2−ω1(−ω′ +
ω−) = fω1−ω2(ω−+ω
′)f∗ω1−ω2(ω
′−ω−). Without a post-
selection procedure, the coincidence measurement with a
HOM interferometer permits to access to the cut of the
beating term:
Wbeating(0, τ) = e
−τ2σ2cos(2τ(ω2 − ω1)). (A12)
The terms W12 and W21 can not be access through this
measurement because they are not along the ω− = 0 axis,
but could be obtained thanks to the generalized HOM
experiment [9].
Appendix B: Quantum erasing experiment
Here we detail the coincidence probability measured
with the HOM interferometer when the frequency filters
are placed before the beam-splitter (see Sec. II D). We
start from the state defined by Eq. (A2). After the fil-
tering operation the state becomes:
|ψ〉 =
∫∫
f+(ω+)f−(ω−)fω1(ωs)fω2(ωi) |ωs, ωi〉dωsdωi.
(B1)
Using the relation fω1(ωs)fω2(ωi) =
fω1−ω2(ω−)fω1+ω2(ω+), the condition f+(ω+) = δ(ω+)
and considering again than the frequency width of the
phase matching function is larger than the width of the
filters, the wave function |ψτ 〉 can be written before the
beam-splitter as:
|ψτ 〉 =
∫
dω−eiω−τfω1−ω2(ω−) |ω−,−ω−〉 , (B2)
and we considered the following normalization:∫
dω−|fω1−ω2(ω−)|2 = 1. After the beam-splitter
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and post-select only the coincidence terms, the wave
function becomes
|ψτ 〉 = 1
2
∫
dω−eiω−τfω1−ω2(ω−)(|ω−,−ω−〉−|−ω−, ω−〉).
(B3)
We then performe a change of variable:
|ψτ 〉 = 1
2
∫
dω−(e
iω−τfω1−ω2(ω−)−e−iω−τfω1−ω2(−ω−))
× |ω−,−ω−〉 . (B4)
Once the coincidence is measured I(τ) =∫∫
dωsdωi 〈ωs, ωi| ρˆτ |ωs, ωi〉, with ρˆτ = |ψτ 〉 〈ψτ |,
we point out that the first two terms do not depend on τ
and the two crossed terms do not give rise to a beating
pattern. Indeed, we obtain:
I(τ) =
1
2
[1−Re(
∫
dω−fω1−ω2(ω−)f
∗
ω1−ω2(−ω−)e2iω−τ )].
(B5)
From this last equation, after performing the integration
over ω−, we get Eq. (14). We recognize the cut of the
Chronocyclic Wigner distribution of W12 (or W21) at the
frequency ω− = 0, see Eq. (A10).
Appendix C: Influence of time resolution of the
photo-detector in the HOM experiment
In this section, we remind the results on the influence
of the time resolution of the photodetector from [15, 25].
1. Probability of the joint detection time detection
in the HOM experiment
The probability to measure one photon at the port
C at time t1 and one photon at the port D at time t2
(see Fig. 1 for instance) is given by the second order
correlation function:
G2(t1, t2, τ)) = Tr(ρˆ(τ)cˆ
†(t1)dˆ†(t2)dˆ(t2)cˆ(t1)), (C1)
where τ is again the photon delay. cˆ(t1) denotes the
creation photon operator at time t1 in the spatial port
C. Any photodetectors have a finite resolution T , then
we access experimentally to the probability to detect one
photon in the interval t0±T and the second in the interval
t′0 ± T :
I(t0, t
′
0, τ) =
∫ t0+T
t0−T
dt1
∫ t′0+T
t′0−T
dt2G
2(t1, t2, τ). (C2)
When T  δ, the range of the integral can be extended
to the infinity and we obtain:
I(τ) =
∫∫
dt1dt2G
2(t1, t2, τ). (C3)
We can rewrite the coincidence probability as :
I(τ) =
∫∫
dt1dt2
∫∫
dt3dt4 〈t3, t4| ρˆτ cˆ†(t1)dˆ†(t2)
× dˆ(t2)cˆ(t1) |t3, t4〉 . (C4)
By applying the bosonic operators and after in-
tegration, the coincidence detection is I(τ) =∫∫
dt1dt2 〈t1, t2| ρˆτ |t1, t2〉 which can be written alter-
natively, for a pure state, using the closure relation:
I(τ) =
∫∫
dωsdωi|〈ψτ |ωs, ωi〉|2, showing the Eq. (10) in
the main text.
We demonstrate now the coincidence probability in the
case where δ  T :
I(τ, τ) =
∫
G2(t0, t0 + τ , τ)dt0, (C5)
where t0 is the time of the first detection which is inte-
grated, τ being the optical delay between the two arms
and the time-difference between two detections is noted
τ . Thanks to this last equation, we easily prove Eq. (15).
2. Definition of the probability of the joint
detection in the Young experiment
We finish this section by reminding the probability of
joint detection of one photon of impulsion p1 and the sec-
ond of impulsion p2 in the biphoton Young experiment.
It is given by the second order correlation function:
G2(p1, p2) =
∑
α,α′
Tr(ρˆaˆ†α(p1)aˆ
†
α′(p2)aˆα(p1)aˆα′(p2)),
(C6)
where aˆα(pi)/aˆ
†
α(pi) denotes the bosonic annihilation
(resp. creation) operator of a single photon with po-
larization α and impulsion pi = kxi/z. For two photons
anti-correlated in position, only the difference of the im-
pulsion p is actually relevant. This mathematical analogy
permits to conclude about the equivalence of the two ex-
periments.
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